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ABSTRACT Learning and memory are exquisitely sensi-
tive to behavioral stress, but the underlying mechanisms are
still poorly understood. Because activity-dependent persistent
changes in synaptic strength are believed to mediate memory
processes in brain areas such as the hippocampus we have
examined the means by which stress affects synaptic plasticity
in the CA1 region of the hippocampus of anesthetized rats.
Inescapable behavioral stress (placement on an elevated plat-
form for 30 min) switched the direction of plasticity, favoring
low frequency stimulation-induced decreases in synaptic
transmission (long-term depression, LTD), and opposing the
induction of long-term potentiation by high frequency stim-
ulation. We have discovered that glucocorticoid receptor
activation mediates these effects of stress on LTD and long-
term potentiation in a protein synthesis-dependent manner
because they were prevented by the glucocorticoid receptor
antagonist RU 38486 and the protein synthesis inhibitor
emetine. Consistent with this, the ability of exogenously
applied corticosterone in non-stressed rats to mimic the
effects of stress on synaptic plasticity was also blocked by these
agents. The enablement of low frequency stimulation-induced
LTD by both stress and exogenous corticosterone was also
blocked by the transcription inhibitor actinomycin D. Thus,
naturally occurring synaptic plasticity is liable to be reversed
in stressful situations via glucocorticoid receptor activation
and mechanisms dependent on the synthesis of new protein
and RNA. This indicates that the modulation of hippocampus-
mediated learning by acute inescapable stress requires glu-
cocorticoid receptor-dependent initiation of transcription and
translation.

The profound neurobiological effects of stress are believed to
be the basis of many cognitive and affective changes in health
and disease. In particular, learning and memory is dramatically
modified by the presence of stress (1–4). In the case of
hippocampus-dependent memory and learning, which is be-
lieved to mediated by persistent adjustments of synaptic
weights (5–9), stress can facilitate or block the acquisition,
consolidation, andyor recall of such tasks depending on ex-
perimental conditions (10–14).

Although stress is known to affect hippocampal synaptic
plasticity, little is known about how it does so. A brief
experience of acute inescapable stress can produce a dramatic
change in both the susceptibility to, and the direction of,
plasticity without affecting baseline transmission (15–16).
Stress blocks high frequency stimulation-induced persistent
increases in synaptic efficacy (long-term potentiation, LTP) in
the CA1 area of the hippocampus (16–18). In contrast, low
frequency stimulation-induced long-term depression (LTD)
(16, 19), is known to be facilitated by such stress. The effects
of stress in freely behaving rats were found to be relatively

short lasting as acclimatization to, or removal from, the
aversive conditions led to a rapid loss of the ability to induce
LTD and recovery of the ability to induce LTP (16). However,
the time window was greatly prolonged by inducing anesthesia
immediately after the stress. Indeed, the block of LTP and the
facilitation of LTD by stress was even observed in hippocampal
slices from animals that had previously been stressed (19).

Behavioral stress leads to the activation of a wide variety of
neurotransmitter and neuroendocrine systems that can poten-
tially affect the induction of synaptic plasticity (1–4, 20). We
focused on the possible involvement of corticosteroid-
dependent mechanisms in stress modification of plasticity, (i)
because effective stressors raise plasma corticosterone levels
(16–18) and (ii) because stress levels of corticosterone or
selective glucocorticoid receptor (type II) agonists can block
the induction of LTP and facilitate the induction of LTD
(21–29). We investigated the effects of antagonistsyinhibitors
of glucocorticoid receptors (RU 38486) (20, 26, 30–31), tran-
scription (actinomycin D, ref. 32) and translation (emetine, ref.
32) on the effects of inescapable stress on synaptic plasticity.
The stress consisted of placing rats on an elevated platform for
30 min immediately prior to anesthesia (16, 33). We also
examined the effects of these agents on the ability of cortico-
sterone to mimic the effects of stress in nonstressed animals.

MATERIALS AND METHODS

Animals. Experiments were carried out on male Wistar rats
(inbred strain, BioResources Unit, Trinity College, Dublin),
weighing 250–300 g. Animals were group-housed with free
access to water and food in an established animal house having
a 12 h:12 h lightydark cycle and thermoregulated environment.
The animal care and experimental protocol was licensed by the
Department of Health, Ireland.

Electrophysiology and Surgery. Recordings of field excita-
tory postsynaptic potentials (EPSPs) were made from the CA1
stratum radiatum of the hippocampus in response to ipsilateral
stimulation of the Schaffer collateralycommissural pathway by
using techniques similar to those described (16, 34). Experi-
ments were carried out under pentobarbitone sodium (60
mgykg, i.p.) anesthesia and core temperature was maintained
at 37 6 0.5°C. Electrode implantation sites were identified by
using stereotaxic coordinates. Three stainless steel screws (1.5
mm diameter) were inserted into the skull through a drill hole
without piercing the dura. One served as a ground electrode
(7 mm posterior to bregma and 5 mm left of the midline),
another acted as an anchor (opposite the ground screw, 7 mm
posterior to bregma and 5 mm right of the midline) and the
third served as the reference electrode (8 mm anterior to
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bregma and 1 mm left of the midline). Recording and stimu-
lating electrodes were made by gluing together a pair of twisted
Teflon-coated 90% platinumy10% iridium wires (50 mm inner
diameter, 75 mm outer diameter). The recording electrode was
inserted 3.4 mm posterior to bregma and 2.5 mm right of the
midline and the stimulating electrode was inserted 4.2 mm
posterior to bregma and 3.8 mm right of the midline. In some
animals a second stimulating electrode was placed ipsilaterally
(3.4 mm posterior to bregma and 3.4 mm right of the midline)
to stimulate a separate, independent pathway. The optimal
depth of the wire electrodes in the stratum radiatum of the
CA1 region of the dorsal hippocampus was determined by
using electrophysiological criteria and was verified by post
mortem examination. In all experiments test EPSPs were
evoked by stimulating with a square wave constant current
pulse of 0.2 ms duration, at a frequency of 0.033 Hz and at a
stimulation intensity adjusted to give an EPSP amplitude of
50% of maximum. For the two pathway experiments, lack of
paired-pulse interaction (interval 40 ms) with responses

evoked in the both pathways was used as a criterion of
independence. None of the drugs studied here affected base-
line transmission at the doses tested (data not shown).

Low frequency conditioning stimulation consisted of 900
pulses at 3 Hz. The high frequency stimulation protocol for
inducing LTP consisted of 10 trains of 20 stimuli, interstimulus
interval 5 ms (200 Hz), intertrain interval 2 s. The electroen-
cephalogram was simultaneously monitored (from the hip-
pocampal recording electrode) during all experiments so as to
ensure that no abnormal activity was evoked by the condition-
ing stimulation. LTPyLTD was measured 30 min after the
conditioning stimulation.

A guide cannula was implanted in the lateral cerebral
ventricle (coordinates: 0.5 mm anterior to bregma and 1.0 mm
right of midline) just prior to electrode implantation. Intra-
cerebroventricular (i.c.v.) injections of volumes of 12 ml were
made over a 6-min period through an internal cannula.

Statistical comparisons were made by using either Student’s
t test or ANOVA. Values are expressed as the mean % of the

FIG. 1. Activation of glucocorticoid receptors mediates the facilitation of low frequency stimulation-induced LTD and the block of high
frequency stimulation-induced LTP by behavioral stress. (A) Low frequency stimulation (3 Hz; bar) failed to induce LTD of the field EPSP
amplitude in the CA1 area of anesthetized nonstressed rats (n 5 5). Subsequent high frequency stimulation (200 Hz, arrow) induced reliable LTP
in these animals. (B and C) Reliable LTD was induced by low frequency stimulation in animals that had been stressed immediately before anesthesia
(n 5 5). These animals received an injection of polyethylene glycol (vehicle for RU 38486, 0.2 ml, s.c.) at the time of anesthesia and the conditioning
stimulation was applied '150 min later. High frequency stimulation failed to induce LTP. An example of a two-pathway experiment is shown in
B. Homosynaptic LTD was induced in the test pathway without affecting the responses in the control pathway. (D and E) In animals injected with
the glucocorticoid receptor antagonist RU 38486 (5–20 mgykg, s.c.) 30 min before the stress, low frequency stimulation failed to induce LTD (n 5
7). Subsequent high frequency stimulation induced reliable LTP in these animals that was not significantly different from that observed in the
nonstressed controls. An example of a two-pathway experiment is shown in E. Homosynaptic LTP was induced in the test pathway without affecting
the responses in the control pathway. (F) Similar results were obtained when the RU 38486 was injected immediately after the stress (n 5 8). (Insets)
Representative traces of field potentials (average of 6 consecutive sweeps) at the times indicated by the numbers. Horizontal bar 5 10 ms. Vertical
bar 5 1 mV.
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baseline field EPSP amplitude 6 SEM over at least a 30-min
baseline period. Similar results were obtained when EPSP
slope was measured.

Stress Protocol. Behavioral stress was evoked by taking the
rat out of its home cage in which it was group-housed and
placing it on an elevated platform made of clear perspex
(21320 cm2 and '90 cm above ground level) in the middle of
a brightly lit room for 30 min. During this period the animals
show behavioral (‘‘freezing’’ immobility, piloerection, urina-
tion, and defecation) and endocrine (elevated serum cortico-
sterone levels measured from cardiac samples taken immedi-
ately after anesthesia, 41 6 7 mgydl vs. 1 6 0.3 mgydl in
nonstressed; ref. 16) signs of stress. The animals were anes-
thetized immediately after the stress.

RESULTS AND DISCUSSION

The first set of experiments determined the possible role of
glucocorticoid receptor activation in mediating the effects of
stress on hippocampal plasticity by using the glucocorticoid
receptor antagonist RU 38486. Stressing rats by placing them
on an elevated platform for 30 min immediately prior to
anesthesia-enabled low frequency stimulation (900 pulses at 3
Hz) to induce homosynaptic LTD (n 5 5; 78.9 6 4.7% of
baseline 30 min later; P , 0.05) and blocked the induction of
LTP by high frequency stimulation (200 Hz) (92.4 6 8.3% of
baseline 30 min later) in the CA1 area of the dorsal hippocam-
pus (Fig. 1 A–C). These effects of stress were completely
prevented by the administration of RU 38486 (5–20 mgykg,
s.c.). LTD was no longer induced and reliable homosynaptic
LTP was elicited in stressed rats that received an injection of
the antagonist 30 min before they were put on the platform
(n 5 7, 107.3 6 6.0% of baseline 30 min after low frequency
stimulation; 139.7 6 9.7% of baseline 30 min after high
frequency stimulation, P , 0.05 compared with baseline; Fig.
1 D and E). Although this was the same as that observed in

nonstressed rats (n 5 5; 101.8 6 4.6% of baseline 30 min after
low frequency stimulation; 139.3 6 3.9% of baseline 30 min
after high frequency stimulation, P , 0.01 compared with
baseline; Fig. 1A), the change in the inducibility of LTD and
LTP was not due to a reduction in the affective response to the
aversive environment because the drug was also active even
when it was given immediately after the stress, at the time of
anesthesia (n 5 8; 101.3 6 4.5% of baseline at 30 min after low
frequency stimulation; 130.6 6 3.8% of baseline at 30 min after
high frequency stimulation, P , 0.05; Fig. 1F).

The discovery that stress needs to activate glucocorticoid
receptors to switch the direction of hippocampal synaptic
plasticity led us to examine the involvement of protein and
RNA synthesis in mediating the effects of stress because
glucocorticoid receptors act as nuclear transcription factors
throughout the brain, including hippocampal pyramidal cells
(20, 30, 35–36). Treatment with the protein synthesis inhibitor
emetine (240 mg, injected i.c.v. '40 min after the stress)
completely prevented the facilitation of LTD (n 5 4, 103.3 6
2.8% of baseline 30 min after low frequency stimulation) and
block of LTP induction by stress (147.1 6 9.0% of baseline 30
min later, P , 0.05; Fig. 2A). This effect of emetine was not due
to a direct interference with LTD induction mechanisms
because LTD was induced reliably when the drug was injected
just prior to the low frequency stimulation (n 5 4, 83.5 6 3.6%
of baseline 30 min later, P , 0.05; Fig. 2B). Thus, protein
synthesis is required for stress to affect both the induction of
LTD and LTP. Consistent with a role for RNA synthesis in
mediating the facilitation of LTD induction by stress, the
transcription inhibitor actinomycin D (60 mg, injected i.c.v.
'40 min after the stress) blocked the response to low fre-
quency stimulation (n 5 6, 106.9 6 6.9% of baseline 30 min
later; Fig. 2C). However, high frequency stimulation did not
induce significant LTP in these animals (117.4 6 8.2% of
baseline 30 min later). The lack of LTP was not due to an
inhibitory effect of actinomycin D on the induction of LTP

FIG. 2. Blocking effects of RNA and protein synthesis inhibitors on the redirection of synaptic plasticity by behavioral stress. (A) Injection with
the translation inhibitor emetine (240 mg, i.c.v.) 40 min after anesthesia (i.e., about 120 min before low frequency stimulation) blocked the effect
of stress on both LTD and LTP induction (n 5 4). Low frequency stimulation failed to induce LTD. Subsequent high frequency stimulation induced
significant LTP, a magnitude not significantly different from that observed in nonstressed controls. (B) The same dose of emetine given 15–30 min
before low frequency stimulation ('130 min after stress) failed to affect the effect of stress on synaptic plasticity (n 5 4). LTD was induced by
low frequency stimulation and subsequent high frequency stimulation failed to induce LTP. (C and D) Actinomycin D (60 mg, i.c.v.), a transcription
inhibitor, was given 40 min after anesthesia (i.e., about 120 min before low frequency stimulation). In stressed animals (C) low frequency stimulation
failed to induce LTD. Subsequent high frequency stimulation did not induce significant LTP. In the nonstressed rats (D) low frequency stimulation
failed to induce LTD and subsequent high frequency stimulation resulted in significant LTP (n 5 5). (Insets) Representative traces of field potentials
at the times indicated by the numbers on the graph. Horizontal bar 5 10 ms. Vertical bar 5 1 mV.
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because the drug did not affect the response to high frequency
stimulation in nonstressed animals (n 5 5, 140.9 6 8.7% of
baseline 30 min later, P , 0.05; Fig. 2D).

The finding that the effect of stress on LTP induction was
not significantly affected by actinomycin D at a dose level that
produces '95% inhibition of transcription (32) and at a time
when it blocked the effect of stress on LTD induction can be
interpreted as evidence that there is a differential requirement
for transcription mechanisms in the effects of stress on the
induction of LTD and LTP. Alternatively, because the acti-
nomycin D was administered 40 min after the stress, it is
possible that its inability to restore LTP was due to sufficient
new RNA being synthesized during this interval. To help
distinguish between these interpretations and to confirm the
role of corticosteroid-dependent transcription in mediating
the enablement of LTD by stress, we examined the effect of
administering actinomycin D prior to exogenously applied
corticosterone. Injection of corticosterone (5 mgykg, i.p., 30
min before the low-frequency stimulation) in nonstressed rats
mimicked the effect of stress on synaptic plasticity, enabling
the induction of LTD by low-frequency stimulation (n 5 5,
85.2 6 2.1% of baseline 30 min later, P , 0.01) and blocking
the induction of LTP by high frequency stimulation (97.3 6
8.4% of baseline 30 min later; Fig. 3A). Pretreatment with
actinomycin D prevented the facilitation of LTD (n 5 5, 99.5 6
3.1% of baseline) without significantly affecting the block of
LTP by corticosterone (112.9 6 5.7% of baseline after 30 min,
P . 0.05; Fig. 3B). The further finding that emetine prevented
the block of LTP by corticosterone even in the presence of
actinomycin D (n 5 3, 146.7 6 6.7% of baseline at 30 min after
high frequency stimulation, P , 0.05; Fig. 3C) shows that the
lack of effect of actinomycin D on the corticosterone-mediated
block of LTP was not due to an inability to induce LTP. It also
supports the proposal that stress-mediated block of LTP
requires the synthesis of new protein.

The present finding that corticosteroid mechanisms mediate
the control of hippocampal plasticity by stress appear to
conflict with a previous study that found that the effect of
stress on LTP induction was only partly blocked in chronically
($4 weeks) adrenalectomized animals (37). This may be due
to the fact that in the present study we acutely blocked
glucocorticoid receptors whereas chronic adrenalectomy can
have complex adaptive effects, e.g., on both mineralocorticoid
and glucocorticoid receptors over time (20, 38–39). As acti-
vation of mineralocorticoid receptors facilitates LTP induction
(26), any adaptive changes, such as an alteration in the relative
proportion of functional mineralocorticoid and glucocorticoid
receptors, may complicate the interpretation of the effects of
adrenalectomy. Alternatively, because the adrenalectomy ex-
periments examined the effect of restraintytailshock stress on
the induction of LTP of the population spike in vitro and
adrenalectomy had large baseline effects on LTP, it is possible
that the effect they observed may involve different mecha-
nisms than those described here for elevated-platform stress.
Although the present results do not exclude other, noncorti-
costeroid mechanisms such as N-methyl-D-aspartate (19) or
opioid (40) receptor activation, it is likely, given the present
findings, that the involvement of such pathways is contingent
on glucocorticoid receptor activation. The sequence of events
following the activation of these receptors is clearly dependent
on the synthesis of new protein and in the case of LTD, RNA
synthesis. Given the relatively rapid onset of the facilitatory
effect of stress and corticosterone on LTD induction, it is
probable that the modulation of immediate early genes is
involved (30, 41). One likely candidate protein for the facili-
tation of LTD by stress is the voltage-gated L-type Ca21

channel (36, 42). It seems less likely, however, that this channel
is involved in the block of LTP by stress because activation of
L-type Ca21 channels facilitates LTP induction (43), although
it is possible that excessyinappropriate Ca21 entry may inhibit

LTP induction. The finding that actinomycin D did not sig-
nificantly affect the block of LTP induction by either stress or
exogenous corticosterone is also indicative of possible differ-
ent mechanisms for the changes in LTP and LTD induction.

The long trains of pulses used here to induce LTD and LTP
are based on standard protocols derived from in vitro studies
and are not normally found in the intact hippocampus. Hip-
pocampal pyramidal neurons usually fire in brief high fre-
quency bursts of two to seven action potentials (complex
spikes). In freely moving animals this burst firing is generally
phase-locked to either the positive or negative peaks of
background theta ('3–12 Hz) electroencephalographic activ-
ity. Recently, we reported that as few as 5 pulses applied as a
single brief burst (200 Hz) on the positive phase of sensory-
evoked theta activity reliably elicited LTP in the CA1 area of
nonstressed rats (44). Brief burst stimulation on the negative
phase of theta waves had no effect on baseline transmission in
these animals (i.e., no LTD) but did induce depotentiation of
previously potentiated synaptic responses. In contrast, in

FIG. 3. Blocking effects of RNA and protein synthesis inhibitors on
the redirection of synaptic plasticity by corticosterone in nonstressed
animals. (A) In nonstressed animals injected with corticosterone (5
mgykg, i.p.), 30 min before low frequency stimulation, stable LTD was
induced (n 5 5). When high frequency stimulation was applied 30 min
after low frequency stimulation, the LTD was reversed only to control
baseline levels. (B) The RNA synthesis inhibitor actinomycin D (60 mg,
i.c.v.) was given 40 min after anesthesia (i.e., about 120 min before the
injection of corticosterone) to nonstressed animals (n 5 5). Low
frequency stimulation failed to induce LTD. Subsequent high fre-
quency stimulation failed to induce significant LTP. (C) When, in
addition to actinomycin D treatment, emetine (240 mg, i.c.v.) was given
30 min before corticosterone ('120 min after actinomycin D) low
frequency stimulation still failed to induce LTD but high frequency
stimulation now induced LTP (n 5 3). (Insets) Representative traces
of field potentials at the times indicated by the numbers on the graph.
Horizontal bar 5 10 ms. Vertical bar 5 1 mV.
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stressed rats, burst stimulation triggered on the positive phase
of theta activity failed to induce LTP whereas such stimulation
given on the negative phase of theta activity now elicited LTD.
Indeed, a single burst of five pulses was sufficient to induce
LTD in stressed animals (45). It seems likely, therefore, that
naturally occurring plasticity is subject to similar behavioral
control mechanisms to those studied in the present experi-
ments.

The corticosteroid-dependent mechanisms of LTDyLTP
regulation described here would be expected to occur naturally
in the hippocampus of animals in inescapable stressful situa-
tions. Such a glucocorticoid receptor-mediated and genomicy
protein synthesis-dependent redirection of hippocampal syn-
aptic plasticity would provide a powerful means for acute stress
to affect hippocampus-dependent memory and behavior. Like
stress (10–14), depending on experimental conditions, glu-
cocorticoid receptor activation can either block or facilitate
learning that engages hippocampal neural networks (46–48).
Learning that is blocked by glucocorticoid receptor activation
may depend on LTP-like plasticity and conversely, learning
that is facilitated may rely on LTD-like plasticity. Indeed,
LTP-like mechanisms fulfill many of the requirements as a
basis for reinforcement-related learning (e.g., refs. 4 and 49)
whereas LTD-like mechanisms are attractive models for learn-
ing from mistakes, where incorrect connections are weakened
(e.g., ref. 50).
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29. Joëls, M. (1997) Front. Neuroendocrinol. 18, 2–48.
30. Funder, J. (1997) Annu. Rev. Med. 48, 231–240.
31. Cadepond, F., Ulman, A. & Baulieu, E.-E. (1997) Annu. Rev.

Med. 48, 129–156.
32. Otani, S., Marshall, C., Tate, W., Goddard, G. & Abraham, W.

(1989) Neuroscience 28, 519–526.
33. Balfour, D. J. K. & Reid, I. (1979) Arch. Int. Pharmacodyn. Ther.

237, 67–74.
34. Doyle, C., Holscher, C., Rowan, M. J. & Anwyl, R. (1996)

J. Neurosci. 16, 418–424.
35. Karst, H. & Joëls, M. (1991) Neurosci. Lett. 130, 27–31.
36. Kerr, D., Campbell, L., Thibault, O. & Landfield, P. (1992) Proc.

Natl. Acad. Sci. USA 89, 8527–8531.
37. Shors, T. J., Levine, S. & Thompson, R. F. (1990) Neuroendo-

crinology 51, 70–75.
38. Schmidt, T. & Meyer, A. (1994) Receptor 4, 229–257.
39. Spencer, R., Moday, H. & Miller, A. (1997) Stress 2, 51–64.
40. Shors, T. J., Levine, S. & Thompson, R. F. (1990) Brain Res. 506,

316–318.
41. Ryabinin, A., Melia, K., Cole, M., Bloom, F. & Wilson, M. (1995)

J. Neurosci. 15, 721–730.
42. Coussens, C. M. & Teyler, T. J. (1996) Synapse 24, 97–103.
43. Mulkeen, D., Anwyl, R. & Rowan, M. J. (1987) Neurosci. Lett. 80,

351–355.
44. Hölscher, C., Anwyl, R. & Rowan, M. J. (1997) J. Neurosci. 17,

6470–6477.
45. Hölscher, C., Xu, L., Anwyl, R. & Rowan, M. (1997) Soc.

Neurosci. Abstr. 23, 788.
46. Oitzl, M. & de Kloet, E. (1992) Behav. Neurosci. 106, 62–71.
47. Newcomer, J., Craft, S., Hershey, T., Askins, K. & Bardgett, M.

(1994) J. Neurosci. 14, 2047–2053.
48. Roozendaal, B. & McGaugh, J. L. (1997) Eur. J. Neurosci. 9,

76–83.
49. Seidenbecher, T., Reymann, K. G. & Balschun, D. (1997) Proc.

Natl. Acad. Sci. USA 94, 1494–1499.
50. Cziko, G. (1995) Without Miracles. Universal Selection Theory and

the Second Darwinian Revolution (MIT Press, Cambridge, MA).

3208 Neurobiology: Xu et al. Proc. Natl. Acad. Sci. USA 95 (1998)


